Two extracellular proteases from Staphylococcus hyicus subsp. hyicus, ShpI and ShpII, have been characterized. ShpI is a neutral metalloprotease with broad substrate specificity; the gene has been cloned and sequenced. ShpII, characterized here, is mainly produced in the late logarithmic growth phase in contrast to ShpI, which is mainly produced in the late stationary growth phase. ShpII was purified from culture medium of S. hyicus by ammonium sulfate precipitation and DEAE-Sepharose chromatography. The molecular mass, estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, was 34 kDa. The temperature optimum of ShpH was 55°C, and the pH optimum was 7.4. ShpII, a neutral metalloprotease, was strongly inhibited by zinc and calcium chelators. The amino-terminal sequence of the active enzyme was similar to the corresponding region of a Staphylococcus epidermidis metalloprotease. The substrate specificity of ShpII was similar to that of thermolysin-like proteases, with the exception that ShpII also recognized aromatic amino acids. We demonstrated in vitro that ShpII, but not ShpI, cleaved the 86-kDa S. hyicus subsp. hyicus prolipase between Thr-245 and Val-246 to generate the mature 46-kDa lipase. Results of additional in vivo experiments supported the model that ShpII is necessary for the extracellular processing and maturation of S. hyicus subsp. hyicus lipase.
Several extracellular proteolytic enzymes from various staphylococcal species have been studied. Three types of proteases from Staphylococcus aureus, a serine protease, a metalloprotease, and a thiol protease, have been characterized (2) . The serine proteases only cleave peptide bonds on the COOH-terminal side of dicarboxylic amino acids and are inhibited by diisopropylphosphofluoridate. This inhibition indicates that the enzyme has a serine residue in the active site and is, therefore, probably related to subtilisin and trypsin. The second type of protease, the metalloprotease, normally has broad substrate specificity but has a preference for the NH2-terminal side of hydrophobic amino acid residues. The metalloprotease usually requires zinc for catalytic activity and calcium for stabilizing the tertiary structure and is required for processing other enzymes (e.g., the serine protease). The third type of protease, thiol protease, has broad substrate specificity and also exhibits esterase activity (1) . Thiol protease is only active in the presence of reducing agents and is completely inhibited by Hg2+, Ag2+, and Zn2+. The characteristics of thiol protease are shared by papain and partly by streptococcal proteases. Proteases from other staphylococcal species usually fall into one of these groups.
Strains of Staphylococcus hyicus subsp. hyicus have strong proteolytic activity (8) , which generally can be detected by the use of casein as a substrate. A preliminary biochemical characterization of a protease produced by a strain of S. hyicus subsp. hyicus was carried out by Takeuchi et al. (20, 21) . We previously demonstrated that the lipase of S. hyicus subsp. hyicus is organized as a preproenzyme composed of a 38-residue signal peptide, a 207-residue propeptide, and a 396-residue mature lipase (6, 11, 23, 27) . There is good evidence that the propeptide is essential for efficient protein secretion (14) . While in S. hyicus subsp. hyicus the lipase is processed to the mature 46-kDa form, the Staphylococcus camosus clone does not process prolipase because it lacks the corresponding processing protease(s). We are, therefore, able to purify the unprocessed 86-kDa lipase from S. camosus(pLipPS1) (13) . This 86-kDa form of S. hyicus subsp. hyicus lipase is nearly as active as the processed 46-kDa lipase. Lipase has extraordinarily broad substrate specificity; the enzyme has lipase and high phospholipase A and lysophospholipase activities (23) . Furthermore, Wenzig et al. (27) described the existence of an extracellular protease in S. hyicus which processed the extracellular prolipase stepwise by specific cleavages, of which the last step is between Thr-245 and Val-246 (11) . Previously, we characterized an extracellular neutral metalloprotease, named ShpI, from S. hyicus subsp. hyicus (3) . A gene encoding a protein of 438 amino acids with a deduced molecular mass of 49.7 kDa was cloned and expressed in S. camosus TM300. The protease is organized as a preproenzyme with a 26-amino-acid proposed signal peptide and a 75-amino-acid propeptide region. The enzyme has maximum activity at 55°C and at pH 7.4 to 8.5 and shows low substrate specificity.
Here we report the biochemical and enzymatic properties of a second protease, ShpII, from the same S. hyicus strain used by Wenzig et al. (27) , specifically the role of this protease in lipase processing and its functional role in vivo.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. S. hyicus subsp. hyicus protease II (ShpII) was purified from S. hyicus subsp. hyicus NCTC 10350 (8) . S. camosus TM300(pLipPS1) (14) carrying the S. hyicus lipase gene was used for prolipase production. Both strains were cultivated in B-medium (12) (18) . For lipase and protease activity staining, sample preparations were subjected to SDS-PAGE without previous boiling. After electrophoresis, the gels were washed three times for (3) . The second protease, the one studied here, ShpII, reacts with FAGLA. The difference in substrate specificity allows us to follow the production of ShpII in S. hyicus subsp. hyicus. Production of ShpII from a culture of S. hyicus in B-medium reached a maximum at the end of the logarithmic growth phase, similar to that of the metalloprotease from S. aureus described earlier (2) , and declined very rapidly at the beginning of the stationary growth phase in the absence of calcium (Fig. 1) . In the presence of 2 mM CaCl2, the activity of ShpII remained at 80% of the maximum in stationary cultures (after a 20-h incubation) (Fig. 1) , in contrast to no activity in stationary cultures lacking CaCl2, indicating a requirement of calcium for maintaining enzyme activity.
Purification of ShpII. ShpII was isolated from culture supernatants of S. hyicus subsp. hyicus and purified. Purification was followed by SDS-PAGE ( Fig. 2A) . Purified ShpII was visible as a single band corresponding to a molecular mass of 34 kDa. As shown in Fig. 2A , two extracellular proteases from S. hyicus subsp. hyicus were eluted together from the DEAESepharose column, but they could be separated after gel filtration. ShpI is a larger protein, with a molecular mass of 42 kDa. ShpII showed activity after SDS-PAGE on casein agar plates (Fig. 2B) , in contrast to ShpI, which was inactive after SDS-PAGE (not shown). mM EDTA. After the reaction was stopped, the NH2 termini of the products were sequenced and analyzed by SDS-PAGE (Fig. 4) . The NH2 terminus of the predominant end product from the incubation mixture with ShpII was 246-Val-Lys-AlaAla-Pro, which corresponds to the sequence of the mature lipase isolated from S. hyicus subsp. hyicus as described by Wenzig et al. (27) . The experiments were repeated under various assay conditions, such as a longer incubation time (15, 30, 60, and 120 min) or a higher enzyme concentration, always resulting in the same end product with the same cleavage site (data not shown). The 86-kDa prolipase was also incubated with ShpI and ShpII together, which generated a different degradation pattern. Only ShpII was able to cleave the prolipase predominantly between Thr-245 and Val-246 to give the 46-kDa mature lipase (Fig. 4) . Both prolipase and mature lipase exhibited lipolytic activity after activity staining of the gel (data not shown). Smaller degradation products (below 44 kDa) had no lipolytic activity.
In vivo processing of S. hyicus subsp. hywius prolipase. In vitro experiments showed that ShpII was able to process prolipase to mature lipase by cleaving between Thr-245 and Val-246. To confirm that the same process also occurs in vivo, S. hyicus subsp. hyicus was grown with various protease inhibitors. The concentrations of the protease inhibitors used were lower than in the in vitro experiments to allow growth of S. hyicus subsp. hyicus. Figure SA shows a lipase activity-stained gel after SDS-PAGE of culture supernatants from S. hyicus subsp. hyicus grown without protease inhibitor and taken at various stages in the growth phase. In the presence of the inhibitors phosphoramidon (2.6 p,M), E-64 (10 ,uM), 3,4-DCI (10 ,uM), and pepstatin (1 p.M), the processing of prolipase was not affected. The only protease inhibitor tested which showed any effect on the processing of prolipase was EDTA. At a final EDTA concentration of 300 ,uM, a marked shift toward retention of the 86-kDa protein could be seen (Fig.  SB) .
DISCUSSION
In this study, we have described the purification of the extracellular protease ShpII from S. hyicus subsp. hyicus. The FIG. 5 . In vivo processing of prolipase in S. hyicus subsp. hyicus supernatants from cultures without protease inhibitors (A) and in the presence of 300 ,uM EDTA (B). Cultures of S. hyicus subsp. hyicus were grown in B-medium at 37°C, and samples were taken during various phases of growth. After lyophilization, samples were dialyzed and subjected to SDS-PAGE. Lipase activity was tested by incubating the gel on agar plates with Tween 20 for 5 h at 37°C. OD578, optical density at 578 nm; Mw, molecular mass standards.
enzyme was biochemically characterized, and its possible participation in the processing and maturation of lipase from S. hyicus subsp. hyicus was investigated.
The NH2-terminal amino acid sequence of ShpII was similar to that of a neutral metalloprotease from Staphylococcus epidernidis (22) . From a sequence of 15 amino acids, 10 were identical, indicating a relationship between the two metalloproteases. This is further supported by a comparison of biochemical properties as shown in Table 2 . Since both the neutral metalloproteases from S. epidennidis and ShpI, as well as other extracellular proteases (24) , are secreted as proenzymes, we suspected that this was also the case for ShpII. Among various protease inhibitors tested, only metal chelators, such as EDTA and 1,10-phenanthroline, led to ShpII inactivation, indicating that ShpII is a metalloprotease with zinc as cofactor. Furthermore, we showed that calcium is required for the maintenance of enzymatic activity. These findings are common among neutral proteases, such as thermolysin from bacilli (16) . Attempts to reactivate ShpII after EGTA treatment failed (data not shown), probably because an irreversible conformational change had occurred, as observed earlier with metalloprotease from S. aureus (25) . The pH optimum near pH 7 clearly indicates that ShpII is a neutral protease. ShpII was more tolerant of higher temperatures than ShpI.
The substrate specificity of ShpII is similar to that of metalloprotease from S. aureus (1) and of thermolysin-like proteases but differs in that ShpII can also cleave peptide bonds involving the amino groups of aromatic amino acids, a property shared with metalloprotease from Staphylococcus caseolyticus (7, 19) . Phosphoramidon, which binds to the active center of thermolysin-like proteases (26) effect on ShpII activity. The effect of phosphoramidon has been tested only on S. epidernidis metalloprotease, which was almost completely inhibited (22) .
When the gene encoding lipase from S. hyicus subsp. hyicus is cloned into S. camosus, a protein corresponding in size to the proenzyme is produced (11) . No further processing of prolipase to mature lipase takes place in S. camosus, indicating that S. camosus lacks the protease(s) required for the processing and maturation of lipase. Studies of the effects of protease inhibitors showed that a metalloprotease is necessary for the processing. S. hyicus subsp. hyicus secretes at least two metalloproteases into the medium, ShpI and ShpII, but only the latter is able to process prolipase to the mature lipase form as shown in the in vitro experiments (Fig. 4) . These results are consistent with earlier findings that there is a stepwise degradation of prolipase to the mature form (27) . However, in addition to the predominant cleavage between Thr and Val in the propeptide region, we also observed minor protein bands which had different NH2 termini. In vitro experiments using a-chains of insulin, glucagon, and melittin, as shown in Fig. 3 , demonstrated broader substrate specificity for ShpII, especially a cleavage preference before hydrophobic and aromatic amino acids. These results illustrate that substrate specificity determinations with insulin, glucagon, or melittin are not necessarily applicable to host-specific proteins. ShpII does not preferentially cleave prolipase before the aromatic amino acids, which are numerous. The substrate specificity of ShpII is very likely influenced by protein structure and exposure of certain protein domains.
S. aureus metalloprotease also activates a serine protease by processing it (2). Furthermore, Rollof and Normark (17) found that a metallocysteine protease is responsible for initiating the processing of S. aureus prolipase, while several different proteases may contribute to stepwise degradation. Our experiments indicate that only one metalloprotease is directly involved in the processing of S. hyicus subsp. hyicus prolipase. On the other hand, we cannot rule out the possibility that other enzymes, such as ShpI, are required for processing ShpII. We plan to clone the gene encoding ShpII and further investigate whether the processing of proenzymes by proteases is a common mechanism for the regulation of enzymatic activity and how this processing is timed and regulated.
